Mutations disrupting the function or production of C 1 inhibitor cause the disease hereditary angioneurotic edema. Patient mutations identified an imperfect inverted repeat sequence that was postulated to play a mechanistic role in the mutations. To test this hypothesis, the inverted repeat was cloned into the chloramphenicol acetyltransferase gene in pBR325 and its mutation rate was studied in four bacterial strains. These strains were selected to assay the effects of recombination and superhelical tension on mutation frequency. Mutations that revert bacteria to chloramphenicol resistance (Cmr) were scored.
Introduction
Hereditary angioneurotic edema is due to a decreased functional level of CI inhibitor (C 1INH). This disease process manifests as spontaneous nonpruritic edema of the skin or mucous membranes. The results of this swelling can be temporary disfigurement, or more serious outcomes such as bowel obstruction or asphyxiation. We have analyzed patients with hereditary angioneurotic edema and found a site of two overlapping frameshift mutations ( Fig. IA) (1, 2) . This region of the C1INH gene (nucleotides 17922-17969, accession number X54486), located in exon 8 , is an imperfect inverted repeat, or quasipalindrome, and can be configured into an im-events in bacteria were most often a frameshift that involved the imperfect inverted repeat with a deletion or a tandem duplication, an event very similar to the human mutations. Increased DNA superhelical tension, which would be expected to enhance cruciform extrusion, did not accentuate mutagenesis. This finding suggests that the imperfect inverted repeat may form a stem-loop structure in the singlestranded DNA created by the duplex DNA melting prior to replication. Models explaining the slippage can be drawn using the lagging strand of the replication fork. In this model, the formation of a stemloop structure is responsible for bringing the end of the deletion or duplication into close proximity. perfect hairpin structure (Fig. IB) . A great deal of work has been done with perfect inverted repeats in bacterial models (3) (4) (5) (6) (7) (8) , and imperfections in the inverted repeat sequence reduce the frequency of mutations (9) . Quasipalindromes can also extend the mutation spectrum through intra-or interstrand switch mechanisms (10,1 1). We hypothesized that the imperfect inverted repeat in the C 1INH gene contributed to the frameshift mutations observed in our patients. To test this hypothesis, we used an Escherichia coli model and found that larger frameshift mutations, both tandem duplications and deletions similar to those seen in our patients, occurred at a low frequency independent of recombination and superhelical tension. There are at least 10 different diseases that are caused by mutations associated with imperfect inverted repeats (12) . The (13) .
Reversion Frequencies and Analysis of Revertants
The vector pBR325 contains three genes that render the host resistant to ampicillin, tetracycline, and chloramphenicol (Cmr) (14, 15) . The EcoRI site in the chloramphenicol gene has been used extensively for frameshift mutation frequency quantitation (7, 8, 16, 17) as inserts at this site that alter the reading frame render hosts sensitive to chloramphenicol (14) . Frameshift mutations that restore the reading frame restore Cmr. The reversion rate is dependent on the characteristics of the study sequence. In prelim- (25 jig/ml).
The mutant frequency is determined as Cmr revertants/n, where n is the total number of viable cells. The values given are the mean of six independent experiments. "Jackpot" frequenciesrare frequencies that are several orders of magnitude higher and represent a mutation in the starting culture-were not included in the data analysis (20) .
To analyze revertants, each revertant was grown overnight in 10 ml cultures of Luria broth with carbenicillin (50 Ag/ml), tetracycline (25 ,ug/ml), and chloramphenicol (25 jug/ml). The plasmid was harvested by alkaline lysis and used to transform bacteria strain DH5a, made competent by the RbC 1 Hanahan method (21). Retransformation was followed by chloramphenicol selective pressure to isolate purely Cmr plasmid. (Because of copy number, the plasmid population prior to retransformation contains mostly nonmutant plasmid, making analysis difficult.)
Colonies were then subjected to polymerase chain reaction (PCR) analysis with primers identical to pBR325 nucleotides (TATCCGGCCTJIlATTCACATTCTTGCCCGC) and complementary to nucleotides 4860-4890 (AT-TCACTCCAGAGCGATGAAAACGTTTFCAG). The conditions for PCR were as follows: melting at 94°C for 1 min, annealing at 55°C for 2 min, and extension at 72°C for 1 min. The reaction mixture contained 5% formamide (22, 23) , 50 mM KCl, 10 mM Tris (pH 9), 0.1% Triton X-100, and 1.5 mM MgCl2. These conditions maximize product yield and eliminate polymerase pausing on the imperfect inverted repeat template (data not shown). PCR products were resolved on a 5 % polyacryamide gel (2% bis). Because inverted repeat sequences can cause PCR artifacts, the results were also confirmed by analysis of an AluI digest of CsCl purified plasmid DNA. The AluI fragment of pBR325 containing the EcoRI site is 124 bp and the size of the insert is readily determined from analysis on a 5 % polyacryamide gel (2% bis). Because the cloned sequence contains a PstI site, the integrity of the insert sequence was assayed by PstI digestion and resolution on a 2% agarose gel. Sequencing was carried out by labeling the primer complementary to pBR325 nucleotides 4860-4890 using [y_32P] ATP (Dupont-NEN, Boston, MA) and T4 polynucleotide kinase (GIBCO BRL). Plasmid was then used for chain termination sequencing (GIBCO BRL) followed by resolution on a 7% polyacrylamide gel containing 8 M urea (Promega, Madison, WI). The gel was dried and exposed to Kodak XAR film.
To analyze growth rates of bacteria harboring different mutations, purified pBR325 and mutant plasmid bearing bacteria strain DH5a were grown in 5 ml LB medium with Ampicillin (50 ,ug/ml), tetracycline (25 ,ug/ml), and chloramphenicol (25 ,ug/ml). Aliquots of these cultures were placed in fresh, warmed media under identical selective pressure. Aliquots of bacteria were removed at timed intervals and OD650 was measured. (Table 1 ). The RS2 strain and its parental strain, JTT1, were used to determine whether enhanced negative superhelical tension in the plasmid (resulting from a mutation in topoisomerase I) enhance the mutant frequency by increased inverted repeat extrusion into a cruciform structure. Increased deletion of perfect inverted repeats in vivo with increased superhelical tension has been previously reported (7, 17 Figure 3A . The first mutation in the figure (labeled a) uses a 4-bp direct repeat (CATC) on which slip mispairing appears to occur. The second mutation (labeled b) appears to have utilized a single T. These mutation patterns represent all of the large deletions. The vector pBR325 has a unidirectional origin of replication; therefore, these frameshifts can be modeled as occurring on the lagging strand of the replication fork (see below). Because the selection criterion favored sequencing plasmids from the group of undetected frameshift mutations, the number of deletion mutations per bacterial strain in Figure 3A appears to be low. However, the plasmids that appeared to have a 40-bp deletion (labeled a and b), 4 in the RS2 strain and 6 in the JTT1 strain, all had the same deletion, as depicted in the first mutation below the plasmid sequence in Figure 3A . All of the insertion mutants larger than a single base pair involved the 5' EcoRI cloning site; these are illustrated in Figure 3B . Two of the inserts, a 19-bp and a 7-bp tandem duplication, overlap. There is one complex insertion that templates twice from the sequence 5' to the EcoRI site (bottom of Fig. 3B ). Taken together, these insertions are presumed to be due to the DNA polymerase pausing at the imperfect stemloop structure and ratcheting on the template to produce the duplications. One mutation at the 3' EcoRI site is a +1 frameshift derived from slippage on thymidine. The G insertion at position 4822 occurs at a site that would be mismatched in the extruded cruciform. Four complex mutations that involved both deletion and tandem duplication were also identified. The insertions occurred either in the sequence that would immediately precede the extruded stem-loop structure or, in the case of the CTCC insertion, at a site corresponding to mismatched bases in the proposed stem-loop structure.
Discussion
Association of Mutation with the Stem-Loop Structure from Cl Inhibitor Inverted repeats have been shown to be mutagenic in bacterial systems and imperfect inverted repeat sequences are associated with human disease (12) . Mutations in the C1 inhibitor gene lead to an identifiable phenotype (hereditary angioneurotic edema). Approximately 120 different mutations leading to this disease have been identified in separate kindred (2) . Two of these mutations involve the inverted repeat studied here and exhibit a similar duplication and deletion size. The frequency of these large frameshift mutations in humans is similar to that in the bacteria. The 5' and 3' restriction recognition sequence (EcoRI) at the ends of the imperfect palindrome, which would be excellent direct repeats for slipped mispairing, are involved less often in mutagenesis by slipped mispairing than by mutations involving the sequence of the stem-loop structure at sites of base mismatch in the extruded cruciform. This supports the hypothesis that the secondary structure is involved in mutagenesis and that the imperfect nature of the inverted repeat affects the mutation spectrum. In a quantitative assay system using a human cell line (26) , the reversion rate was similar to a bacterial system with a similar-sized inverted repeat (27) . A nonpalindromic sequence in this human system failed to show reversion. These results are consistent with the hypothesis that inverted repeat sequences facilitate mutagenesis both in prokaryotic models and in humans.
The clustering of these tandem duplications just prior to, and a deletion involving, the imperfect inverted repeat in these experiments suggest that this sequence mechanistically contributes to mutagenesis. Some revertants revealed complex mutations that included both insertions and deletions (Fig. 3C) . The insertion site remained 5' to the imperfect inverted repeat, and the deletion segment involves the quasipalindrome at sites corresponding to stem-loop mismatched base pairs. These large deletions are similar in that they slip mispair on the CATC sequence found most frequently in the larger deletions. The insertions are 6 bp apart and again are tandem duplications. Both appear to slip mispair on an adenine residue. These complex mutations could be explained if the insertion mutations were followed by subsequent deletion mutations.
Role of Stem-Loop Structures in Mutagenesis
There are several possible ways cruciforms can be eliminated from the genome. Cruciforms could be involved in intra-or intermolecular recombination (28), or they could be removed by Holliday structure resolvase (3, 29) . A model can be drawn so that the cruciform formed in the lagging strand brings the 5' and 3' ends of the deletion in close proximity, enabling slipped mispairing to occur, ultimately leading to deletion (Fig. 4A) . Slippage at the EcoRI restriction site during DNA replication could be predicted to mediate complete deletion; however, this was not identified in our studies. The partial deletion can be explained by slippage involving the "unpaired bubble" illustrated in Figure 4A . The first part of the cruciform would be melted down to the cluster of unpaired bases. If forward slippage occurred, followed by further replication, the deletion could be explained. The mutation could then be fixed in the plasmid by a further round of replication that would result in one deletion and one unchanged plasmid. Precisely how the unpaired bases are involved is not yet clear. They may contribute simply by the helical distortion (30, 31) (36) . Proteins involved in preventing alternative DNA structures from forming, such as SSB, may be reduced (37) . In this setting, intrastrand duplex structures would increase. These mutations then occur during replication attempts because of a reduction in a critical factor(s). The precise cause of the delay in identifying mutants is unclear and could potentially involve the interaction of the replication fork with transcription machinery (38, 39) . Studies with different mutations identified in this work do not support the notion that bacteria harboring different types of mutations grow at significantly different rates (data not shown).
The quasipalindrome in these experiments appeared to direct the type of slipped mispairing intermediate and mutation. However, this effect did not change with an increase in superhelical tension. This suggests that this quasipalindrome, because of its imperfect nature, does not have sufficient energy to increase mutagenesis resulting in increased numbers of the same sort of deletion mutations. The unpaired bases may inhibit the intrastrand annealing to form the complete duplex structure. We reason that the imperfect inverted repeat sequences affect mutations when it is in a single-stranded state, and superhelical density does not catalyze this type of mutation. (Alternatively, the increased superhelical tension may promote other mutations that do not restore Cmr and cannot be identified in this assay system.) The bacterial strain variability in insertions and deletions is not clearly understood; it may be a result of the low number of mutations.
A model explaining this mutagenesis involves the lagging strand during DNA synthesis. The delay between duplex DNA melting and replication is longer on this strand. The fact that perfect palindromes exhibit an increased mutation rate under increased superhelical tension is perhaps because mutagenesis is also occurring in the leading strand. The increase in perfect palindrome mutagenesis in the RS2 strain may be due to the fact that the polymerase holoenzyme actually encounters an extruded cruciform instead of formation during DNA replication. This hypothesis would suggest that the balance between DNA replication fidelity and mutagenesis is in part determined by the kinetic balance between intrastrand secondary structure formation and loss of this potential by protein-DNA interaction. Imperfect palindromes, because of the impediment of intrastrand DNA duplex zippering by base mismatches, are predicted to be less of a mutagenic threat.
In summary, the results of these studies support the hypothesis that the imperfect inverted repeat sequence from the C1 inhibitor gene reactive center promotes mutations, as seen in the reported kindreds with hereditary angioneurotic edema (1) . The size of deletion and insertion mutations in this study using a bacterial model was quite similar to those reported in patients with hereditary angioneurotic edema. The mutation similarities in the bacterial model to those in patients suggests that this model may be useful in further defining the precise mechanism of inverted repeatmediated mutagenesis.
